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In the current second annual report, we report on progress made on two important project tasks. At Brown University:
(1) Char combustion reactivities at 500°C in air were determined for a diverse set of solid fuels and organic model compound chars. These varied over 4 orders of magnitude for the chars prepared at 700°C, and over 3 orders of magnitude for the chars prepared at 1000°C. The resultant reactivities correlate poorly with organic elemental composition and with char surface area.
(2) Specially-acquired model materials with minute amounts of inorganic matter exhibit low reactivities that fall in a narrow band as a function of wt-% carbon. Reactivities in this sample subset correlate reasonably well with total char surface area.
(3) A hybrid chemical/statistical model was developed which explains most of the observed reactivity variation based on four variables: the amounts of nano-dispersed K, nanodispersed (Ca+Mg), elemental carbon (wt-% daf), and nano-dispersed vanadium, listed in decreasing order of importance. Catalytic effects play a very significant role in the oxidation of most practical solid fuel chars. Some degree of reactivity estimation is possible using only elemental analyses of parent fuels, but only if correlative techniques make use of the existing body of knowledge on the origin, form and dispersion of inorganic matter in various fuel classes.
During the past year at BYU, work focused primarily on renovation of the BYU high pressure drop tube reactor (HPDT). This work has included design and testing of a flat-flameburner that can be operated at high pressure. A high-temperature, high-pressure gas profile has been achieved within this high-pressure flat-flame burner (HP-FFB). Detailed descriptions of the design and testing of the HP-FFB are given in this report. In addition, continued char reactivity experiments in the high pressure thermogravimetric analyzer (HP-TGA) have been performed on chars produced at different pressures in the HPDT. Results of the HP-TGA reactivity studies on a high-volatile A bituminous (Pittsburgh #8) char are that intrinsic char activation energy increases with pyrolysis pressure, and that the oxygen order is roughly 0.9. These results are different than previous research on chars produced at atmospheric pressure. These new data show that the rate constant decreases with increasing pyrolysis pressure. However, the hydrogen content of the new chars produced at elevated pressures was fairly high (~2 wt. %, daf), and char samples produced at higher temperatures are desired.
During the next project year, experimental work on oxygen reactivity at high pressure will continue at BYU, and on CO 2 reactivity at high pressure at Brown University. Selected chars produced at BYU under high pressure conditions will also be used at Brown for reactivity studies.
PROJECT BACKGROUND
Increased concern over global warming is currently motivating a major research effort in the U.S. on future energy technologies with low CO 2 emissions. Research is needed to configure and design future coal-fired power-generation technologies with no or minimum impact on atmospheric CO 2 concentrations. A reduction in CO 2 emissions can be accomplished in the near term through increased efficiency with existing systems. Integrated gasification combined cycle (IGCC) systems have been used as the starting point for strategies to reduce CO 2 in the atmosphere, since (a) they are more efficient than conventional systems (50-60% as opposed to the current 34%) and (b) they promise to provide a concentrated stream of CO 2 by using steam and pure O 2 as the gasification agents (without N 2 as a diluent). Sequestration processes are currently under development that rely on IGCC, but this technology has not yet been widely demonstrated. In addition to IGCC, systems, combustion systems operating with enhanced oxygen concentration or pressure may also provide concentrated CO 2 streams.
Role of Model-Based Design.
Within the last several years computational fluid dynamics (CFD) has firmly established itself as an important tool for the design, optimization, and retrofit analysis of full-scale combustion furnaces. CFD tools, when expertly applied, can identify firing configurations that significantly enhance performance and avoid the need for full-scale testing. Computer simulation is even more important for the design and development of next generation energy technologies based on oxygen-enriched combustion and/or gasification. These advanced systems cannot be reliably designed in an evolutionary way, as is often the case with current technologies, since there is no extensive database of operating experience with similar units. Model based design requires fuel-general submodels of coal transformations that are accurate under the combustion and gasification conditions unique to these processes.
Fuel Transformation Submodels.
Successful furnace simulation requires predictive capabilities for many subprocesses including fuel transformation submodels to predict: (1) pyrolysis and char yield, (2) char oxidation and carbon burnout, (3) nitrogen release, and (3) Laboratories and at Brown University in the development of advanced submodels for char combustion, with emphasis on carbon burnout prediction. Carbon burnout has become a critical issue in the existing boiler stock as low-NOx burner retrofits have increased carbon carryover and seriously impacted ash utilization markets at many sites in the U.S.. The experimental work has led to the Carbon Burnout Kinetic Model (CBK), a fuel-general kinetics package designed to predict carbon burnout under conditions relevant to current pulverized coal-fired boilers [Hurt et al., 1998 ]. Special emphasis is given to the late stages of combustion, which exert a strong influence on the burnout process that determines the carbon content of ash and thus ash utilization options [Hurt, 1998 ].
The fuel submodels listed above have been developed and applied for atmospheric pc-fired combustion systems. In this application they have found practical use in industry codes and have demonstrated some predictive capability, but further validation against field data is needed, as is extension to conditions found in next-generation energy processes. Although many of the condensed phase processes (internal diffusion, thermal annealing) can be directly carried over into models of gasification and O 2 -enriched combustion, other reaction processes in the condensed phases require new data to make predictions under these conditions. Specifically new data is needed on: (1) the char formation process at high pressure, (2) char surface kinetics in enhanced oxygen and in the complex gasification environments, (3) nitrogen and inorganic release at high pressure and the concomitant high particle temperatures of enhanced oxygen combustion and oxygen-blown gasification systems, and (4) the development of engineering models that combine char property prediction with simplified surface kinetics for inclusion in practical flame codes.
PROJECT OBJECTIVE AND APPROACH
The basic project objective is to carry out the necessary experiments and analyses to extend leading submodels of coal transformations to the new conditions anticipated in next-generation energy technologies. The work will use a combination of high-pressure TGA, atmospheric entrained flow reactor experiments, and experiments with a high pressure drop tube furnace to address volatile release, nitrogen release, inorganic release, and char properties and reactivity, with particular emphasis on gasification environments under pressure and enhanced oxygen environments at atmospheric pressure. The CPD and CBK models will be validated against fullscale data on current pc-technologies with industry involvement (McDermott / B&W ) and will be extended to the new conditions using the data generated in the experimental portion of the program. 
BRIEF SUMMARY OF PROGRESS THIS PERIOD
Significant progress was made during the second year, as described in detail in Section 4.0 below. In summary:
At Brown University, char combustion reactivities at 500°C in air were determined for a diverse set of solid fuels and organic model compound chars. These varied over 4 orders of magnitude for the chars prepared at 700°C, and over 3 orders of magnitude for the chars prepared show that the rate constant decreases with increasing pyrolysis pressure. However, the hydrogen content of the new chars produced at elevated pressures was fairly high (~2 wt. %, daf), and char samples produced at higher temperatures are desired.
DETAILED DISCUSSIONS OF PROGRESS IN SELECTED AREAS

Char Combustion Reactivities for a Suite of Diverse Solid Fuels and Char-Forming
Organic Model Compound Chars.
-1. Introduction and Background
Concern over the potential effects of global warming is driving a diversification in solid fuel selection -a shift from almost sole reliance on coal to a broader fuel mix encompassing organic matter of quite diverse origin and composition. To support this effort, comparative studies are needed in which large sets of these diverse alternate fuels are burned under standard conditions chosen to reveal intrinsic fuel-to-fuel differences in each of the fundamental combustion subprocesses: pyrolysis, char oxidation, mineral transformations, and pollutant formation.
For coals, the char combustion subprocess has been extensively studied and reviewed [1] [2] [3] [4] , and the major reactivity trends have been established through comparative studies employing a range of coals, including studies below 1000K [5] [6] [7] [8] and at flame temperatures [9, 10] . There are no comparable studies on large sets of alternate fuels, although the recent literature does contain valuable information on individual fuels [11] [12] [13] [14] or small sets of fuels of interest in a particular region [15] [16] [17] [18] . It is not known if any of the compositional trends and correlations derived from coal studies have relevance to biomass and other alternate fuel types.
The goal of the present work was to measure char combustion reactivities for a large set of traditional and alternative solid fuels under standardized low-temperature conditions, free from the influence of mass-and heat-transfer processes (Zone I). A secondary goal was to identify possible quantitative relationships between char reactivity and parent fuel properties. To gain a deeper understanding of the origin of char reactivity in this data set, the sample suite was augmented by a series of char-forming chemical reagents and model materials that are nearly free of the inorganic contamination that is ubiquitous in practical solid fuels.
4.1-2. Materials and Experimental Procedures
A suite of 31 materials was assembled for this study (see Table 1 ), including 20 solid fuels and 11 organic model materials chosen for their low levels of potentially catalytic inorganic matter. Each of the 31 raw materials was pyrolyzed in a benchtop tube furnace at 700°C for 1 hour using a thin bed of sample spread in an oblong alumina boat, purged with flowing highpurity helium (600 cc/min). Seventeen of the raw materials were also pyrolyzed at 1000°C for 1 hour to investigate the effect of heat treatment temperature. The subsequent chars were crushed and sieved to obtain a 75-106 µm size fraction for study. Because of the enormous reactivity range within this sample suite (over four orders of magnitude), it is not practical to measure all reactivities at a common temperature. Non-isothermal thermogravimetric analysis (TGA) was therefore carried out using a Cahn TG-2141 apparatus fed with dry air (21% oxygen) at 40 cc/min and atmospheric pressure. Char samples of 3-10 mg were spread as a thin bed on a platinum pan to avoid mass-and heat-transfer effects. Time, sample temperature, and mass were continuously recorded as the sample temperature was raised first to 105°C to drive off any moisture, then at 7 K/min to 950°C, at which point complete burnout was achieved for all samples. All reactivity measurements were made in triplicate and the mean values reported.
A subset of 14 of the 700°C chars was chosen for surface area measurements. Some fresh (unreacted) chars exhibit strong molecular sieving behavior in which the nitrogen and carbon dioxide surface areas are grossly different, an effect that is typically eliminated by only slight oxidative conversion [19, 20] . For such chars, the proper assignment of area is ambiguous and the nitrogen area of the fresh char may be not at all representative of its values during most of the burnout process. To avoid this problem, chars slated for vapor adsorption measurements were first partially reacted by slow air oxidation in a tube furnace to conversions from 15-35% -close to the 20% at which the reactivity indices were derived (see below). Each of these chars was outgassed for 20 hours at 300°C, followed by measurement of 80-point vapor adsorption isotherms in nitrogen at 77K and in carbon dioxide at 195K, from which surface areas were computed using the BET theory. elemental analysis reported by manufacturer, Mitsubishi Gas Chemical f standard reactivity at 500°C in air of chars prepared at 700°C or 1000°C, as labeled g L-ascorbic acid 6-palmitate h 2,2'-dimethyl-1,1'-bianthraquinone i elemental composition reported by vendor (Aldrich) j critical temperatures for the chars prepared at 700 ºC
4.1-3. Definitions of Standard Reactivity Indices
The non-isothermal TGA profiles were used to extract standard char reactivities reported here in two different but essentially equivalent forms: 
where m, dm/dt, and T are determined at here 20% conversion, daf. The exponential term brings the raw rates to a common temperature for convenient fuel-to-fuel comparison. This temperature normalization was made using an activation energy of 35 kcal/mol (146 kJ/mol), a typical value for Zone I char oxidation [2, 8, 21, 22] . The use of a single activation energy is not a significant disadvantage of this particular reactivity index, because activation energies vary over only a modest range for the low-temperature, disordered chars of interest in this study, and because the standard reference temperature is chosen near the center of the range of actual temperatures, making the temperature correction term inherently small. Indeed there is an excellent correlation between T cr and R as shown in Figure 1 , so either index may serve as a valid expression of the relative reactivity of different chars in the sample suite.
4.1-4. Results.
Standard reactivities as T cr and/or R values are presented in Table 1 and Figures 2 and 3 .
Reactivities of the 1000 °C chars are presented in Figure 3 . Surface areas are presented in Table 1 and are cross-plotted against reactivity in Figure 4 . The nitrogen and carbon dioxide surface areas of the chars at 20% conversion are generally similar, indicating the absence of strong molecular sieving effects, which would have complicated the interpretation.
__________________________________________ †
Charpenay et al. [7] use a combustion rate of 0.065 min-1 to define T cr , but some samples in the present study never achieved rates this high at the chosen heating rate and gas environment Figure 1 . Correlation between the two reactivity indices reported in this work: critical temperatures, T cr , and standard reactivities at 500 °C in air, R. For interconversion between the two indices one can use the following empirical expression: log 10 R = -12.6 -2.77 . 10 -2 T cr + 9.97 . 10 -6 T cr
Trends in reactivity with fuel type are most easily identified using Figure 2 , where we see that reactivities of the 700°C chars vary by almost 5 orders of magnitude under identical conditions. Considering only the practical solid fuels, the reactivities still span over 3 orders of magnitude, from high-rank coal chars (lowest reactivity) to corn stalk chars (highest reactivity).
The 1000°C chars in Figure 3 show a similar data pattern, but with just over 3 orders of magnitude total variation in reactivity. A strong correlation is seen between reactivity and carbon (daf) content of the vitrinite-rich coals, as been observed previously [5, 6, 10] . This trend has no relevance for the biomass fuels, however, which cluster closely in composition (40%-50% daf carbon), while their reactivities span almost 3 orders of magnitude. Carbon content is a very poor indicator of biomass reactivity. By analyzing the data in Table 1 it can be further stated that no organic composition variable (C,H,O,N,S) provides enough information for making even a crude estimate of biomass char reactivity.
It is quite notable in Figure 2 that the model materials, chosen for their lack of inorganic impurities, all have reactivities that lie in a relatively narrow band in the low reactivity region.
These non-catalytic char reactivities show almost no composition dependence between 40% and 80% carbon (daf), but do fall away above 90% carbon (daf). Overall, the patterns revealed in Figure 2 strongly suggest that organic composition is secondary to other factors determining reactivity in the char of precursors below 80% carbon (the majority of practical solid fuels). The next section examines reactivity/property relations in more detail.
4.1-5. Reactivity / Property Relations
The goal of this section is to investigate quantitative relationships between reactivity and properties of the parent material, focusing on the larger data set of 700°C chars. Statistical software (SPSS Inc.) used for multivariate linear regression revealed positive correlations with statistical significance between reactivity and three properties: wt-% K, Ca, and Mg. In addition a negative correlation was found between reactivity and wt-%-carbon (daf). A simple linear correlation based on these four variables, however, does not provide an adequate description of the data set. Such blind statistical analyses are easy to perform, but make no use of insights gained from decades of research on combustion and fuel chemistry. Therefore, we pursued a hybrid approach that combines statistical analysis with chemical insights derived from literature data on different fuel classes.
We begin by expressing the reactivity as a sum of two independent contributions: R = R carb + R cat [2] where R carb represents reaction on non-catalytic (carbon) active sites [23] and R cat represents reaction on catalytic active sites [22] , assumed to be independent, parallel processes. The existence of the narrow model substance band on Figure 2 suggests that variations in R carb are only a small part of the total reactivity variation for fuels up to up to 80% carbon (daf) content.
We therefore, as an approximation, define a single, non-catalytic baseline reactivity shown in Circles (pure materials) are the nearly-inorganic-free model substances from Table 1 ; Triangles (non-catalytic materials) are samples containing significant amounts of inorganic matter, but predicted by dispersion arguments to react in a primarily non-catalytic mode (see section on reactivity/ property relations).
Another key consideration is catalyst dispersion, or particle size, which is expected to vary greatly across the spectrum of solid fuels. Although dispersion is continuum variable, one can consider two important limiting cases: (1) granular dispersion-particulate matter of supramicron dimension arising from extraneous matter or bulk additives in the fuels, and (2) nanophase dispersion -finely dispersed particulate matter of submicron dimensions in chars originating from nanophase or atomically dispersed metals in the parent materials that have partially sintered during carbonization [22] . This highly active material may originate as dissolved salts in plant water, as cations exchanged on carboxylic sites, or as organometallic compounds with essential function (e.g. chlorophyll, porphyrins). Granular material has low catalytic activity by virtue of its low surface area [28] , which suggests the relation:
Here M nano indicates the wt-fraction (ppmw) of the nano-dispersed or atomically dispersed form of catalytic metal, M, present in the parent fuel, and and are specific activity coefficients to be determined from statistical analysis of the data. Although Na, Ni, and Fe are known catalysts for char oxidation [26, 29] , they are not observed to make statistically significant contributions to reactivity in this particular sample set and thus cannot be included in Eq. [3] .
The alkaline earth metals are grouped together because our statistical analysis revealed a strong cross-correlation, making any attempt to distinguish the separate effects of Ca and Mg statistically meaningless. Studies employing metal addition have reported similar specific activities for Ca and Mg [26] , so their linear combination here with equal weight is a useful approximation.
Before and can be determined, specific rules are needed for estimating the degree of catalyst dispersion in the various fuel classes. In coals, mineral matter is a combination of granular material and atomically dispersed material [30, 31] , with the major source of atomically dispersed matter in the form of cations exchanged on carboxylic sites [22, 31] . The compilation of literature data in Figure 5 shows the carboxylic site density is strongly dependent on coal rank. and Mg nano for use in Eq. [3] .
Dispersion of metals in biomass is also a mixture of granular and atomically dispersed forms [32] [33] [34] [35] . In most plants, however, potassium salts are essential nutrients, and a high fraction of the potassium (80-90%) is either water soluble or ion-exchangeable [32, 33, 35, 36] . Most calcium also tends to be water soluble or ion-exchangeable, indicative of high dispersion. An exception is sugar cane bagasse, which is washed during processing and has lost soluble salts [33, 35] . For purposes of the model we take the group I and II metals in biomass to be finely dispersed with the exception of bagasse in which the remaining matter is taken to be primarily granular. For the non-biomass alternate fuels, we take the inorganic components in tire fuel to be granular, while the vanadium in cokes is taken to be nano-dispersed, since it originates as atomically dispersed material within porphyrin structures in petroleum [37] .
The preceding set of dispersion rules, along with Eqns. [2] and [3] , the baseline function in Figure   2 , and the carboxylic correlation in Figure 5 , define the hybrid chemical/statistical model. Application of the model to our data set leads to the final correlation and the optimal leastsquares values of and shown in Figure 6 . The now complete hybrid model provides a link between parent fuel elemental composition and char reactivity at 500°C in air for chars prepared at 700°C from arbitrary and diverse organic precursors.
It is clear from this analysis that catalysis plays a dominant role in the low-temperature reactivity of chars prepared at 700°C. Through examination of the data patterns in Figure 3 , this same conclusion appears to hold for the chars prepared at 1000°C. Using the final values of α, β, and γ as sensitivity coefficients, it can be stated that as little as 44 ppmw of nano-dispersed potassium or 270 ppmw of nano-dispersed Ca or Mg is sufficient for the catalytic component of reactivity to exceed the non-catalytic component for materials below 80 wt-%-carbon (daf).
With these sensitivities it is difficult to rule out catalytic effects in all but the most pure materials. Indeed, the ICP sensitivity limits for some of the nearly pure model materials are 100 ppmw, so residual catalysis may even be important for some of these compounds, such as [38] , diamonds are data from Morgan and Jenkins [31] , squares are data from Blom in [38] , and triangles are data from Otake and Walker [39] . The fitted curve for use in the hybrid chemical/statistical model is: (wt-% O as -COOH) = 3.051 . 10 -9 exp[-0.2706 wt-% C (daf)] for wt-% C < 90. Above 90 wt-% C, -COOH site density is taken to be 0 in the model. Table 1 except graphites (which cannot be meaningfully described as 700°C chars) and the Permian southern hemisphere coal (for which Figure 6 does not contain relevant data on carboxylic sites). The model reactivity is equal to:
R = R carb + (K nano ) + (Ca nano + Mg nano ) + (V nano )
where R carb is the baseline function in Figure 2 , = 7.9 . 10 -7 , = 1.3 . 10 -7 , and = 3.1 . 10 -8 , where the nano or atomically dispersed metals are measured in ppmw of the parent fuel. with pyrolysis pressure, and that the oxygen order is roughly 0.9. These results are different than previous research on chars produced at atmospheric pressure. These new data show that the rate constant decreases with increasing pyrolysis pressure. However, the hydrogen content of the new chars produced at elevated pressures was fairly high (~2 wt. %, daf), and char samples produced at higher temperatures are desired.
4.2-2. Development of High-Pressure Flat-Flame-Burner.
The BYU high pressure drop tube (HPDT) facility has been used in high pressure combustion research by several researchers [40, 41] . In particular, Monson performed reactivity measurements as a function of pressure and temperature on a char that had been prepared at high temperature at atmospheric pressure in a flat-flame burner. One of the goals of the current set of experiments is to measure the pressure-dependent char reactivities at the pressure at which the chars were formed.
The HPDT facility is electrically heated to control the reactor temperature. A schematic of this system is shown in Figure 7 . Pulverized fuel particles are entrained in nitrogen and fed to the reactor at a small flow rate (~1 g/hr) in order to study single particle behavior. The current heating system is based on nichrome wire heaters, which have a maximum operating range of 1473 K. The pressure vessel for this reactor is rated for operation at pressures up to 25 atm. Because this burner is down-fired and did not have a water cooling system, it was found the burner tip became so hot that coal particles were pyrolyzed before leaving the feed tube, resulting in a clogged feed tube. Another problem was that the heat load for the one-inch burner is too small to heat the entire reactor. Also, because methane is used as a fuel, steam condenses in the char collection system, which is undesirable.
To solve these problems, a two-inch diameter burner was designed and tested in the period from June, 2002 to January, 2003. A water cooling system effectively prevented the burner tip from getting too hot, which significantly reduced clogging in the feed tube. In addition, the original heater from the HPDT was retained and is currently used in conjunction with the HP-FFB to achieve a high-temperature profile. It was found that the heated quartz muffle tube in the HP-FFB was sufficient to autoignite the methane flame at temperatures of 1200 K without using an igniter.
Temperature profiles at three reactor pressures are shown in Figure 10 . The decrease in reactor temperature as a function of distance from the burner is due to heat losses. These temperature profiles are adequate to produce high heating rate chars with low hydrogen contents.
High temperature, coal pyrolysis experiments at elevated pressures will commence in the next quarter. The first experiments will be performed on Pittsburgh #8 coal and Wyodak subbituminous coal at 1300°C, with pressures ranging from 1 to10 atm. Preliminary data indicate that intrinsic reactivities of chars formed at different pressures seem similar [42] ; further data are needed to determine if this result is true at different temperatures and heating rates. Further studies are needed to determine the effects of high pyrolysis temperatures (>1673 K) on the properties of char formed at different pressures. The reaction orders determined from the HP-TGA experiments on the HPDT chars (see Figure 13 ) change slightly with increasing pressure. The calculated reaction order is 0.9, which is higher compared to other data (n = 0.7) [43] , obtained from char produced at atmospheric pressure in a FFB. 
